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Characterization of Atrial Natriuretic Peptide
Degradation by Cell-Surface Peptidase Activity on
Endothelial Cells

Stephen J. Frost and Peggy A. Whitson
Biomedical Operations and Research Branch, NASA Johnson Space Center, Houston, Texas 77058

Abstract Atrial natriuretic peptide (ANP) is a fluid-regulating peptide hormone that promotes vasorelaxation,
natriuresis, and diuresis. The mechanisms for the release of ANP and for its clearance from the circulation play
important roles in modulating its biological effects. Recently, we have reported that the cell surface of an endothelial cell
line, CPA47, could degrade '>>I-ANP in the presence of EDTA. In this study, we have characterized this degradation of
125]-ANP. The kinetics of ANP degradation by the surface of CPA47 cells were first order, with a K, of 320 + 60 nM and
Vimax 0f 35 £ 14 pmol of ANP degraded/10 min/10° cells at pH 7.4. ANP is degraded by the surface of CPA47 cells overa
broad pH range from 7.0-8.5. Potato carboxypeptidase inhibitor and bestatin inhibited 25I-ANP degradation, suggest-
ing that this degradative activity on the surface of CPA47 cells has exopeptidase characteristics. The selectivity of CPA47
cell-surface degradation of ANP was demonstrated when '?5I-ANP degradation was inhibited in the presence of
neuropeptide Y and angiotensin | and 11 but not bradykinin, bombesin, endothelin-1, or substance P. The C-terminal
amino acids phe?® and tyr*® were deduced to be important for ANP interaction with the cell-surface peptidase(s) based
on comparison of the I1Cs, of various ANP analogues and other natriuretic peptides for the inhibition of ANP degradation.
These data suggest that a newly characterized divalent cation-independent exopeptidase(s) that selectively recognizes

ANP and some other vasoactive peptides exists on the surface of endothelial cells.
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Atrial natriuretic peptide (ANP) is a fluid-
regulating peptide hormone that promotes vaso-
relaxation, natriuresis, and diuresis and inhibits
pressor and volume-conserving hormones [1].
ANP, a 28 amino acid peptide, is a C-terminal
cleavage product of a 126—amino acid prohor-
mone that is secreted as a result of elevated
intracardiac pressure and increased tension in
the atrial wall [1]. This peptide contains a 17-
member ring created by an intradisulfide bond
that is necessary for its biologic activity.

The mechanisms for the release and clearance
of ANP from the circulation play important
roles in modulating its biological effects. ANP is
removed rapidly from the circulation in both
rats and humans [2,3]. ANP’s rapid degradation
and clearance from the bloodstream has been
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postulated to occur through at least two differ-
ent mechanisms: 1) ligand binding to nonguanyl-
ate cyclase-linked ANP receptors (C-ANPR)
[4-7] and 2) enzymatic degradation by pepti-
dases such as endopeptidase 3.4.24.11 (NEP
24.11) and kallikrein {4,5,8-10].

Recently, two independent investigators exam-
ined the effects of an endopeptidase 24.11 inhib-
itor and a truncated analog of ANP (amino acids
4-23) on ANP’s biological activity, clearance,
and degradation in vivo [4,5]. Seymour and co-
workers [4] reported that in normotensive rats,
plasma ANP concentration and its biological
effects are not significantly increased when NEP
24.11 inhibitors and ANP4-23 are infused, sug-
gesting that enzymes other than NEP 24.11 are
involved in the degradation of ANP in normal
rats. Chiu and coworkers [5] studied the pharma-
cokinetics of ANP in rats. They reported that
ANP4-23 alone could significantly inhibit ANP
clearance, and endopeptidase inhibitor SCH
39370 could significantly inhibit ANP degrada-
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tion within the first 10 min after infusion. How-
ever, clearance and degradation could be only
partially inhibited by the combination of both
drugs. Furthermore, when the kidneys (the ma-
jor source of NEP 24.11 and other endopepti-
dases) were removed from rats, ANP degrada-
tion was as effective during the first 10 min of
infusion with ANP4-23 and radiolabeled ANP
as in non-nephrectomized rats. Thus, it is likely
that enzymes other than kidney endopeptidases
are involved in the initial degradation of ANP in
vivo.

One proteolytic activity that could be involved
in ANP degradation is a divalent cation-indepen-
dent cell-surface proteolytic activity recently re-
ported on a cell line derived from bovine pulmo-
nary artery, CPA47 [11]. This proteolytic activity
could be important in the regulation of ANP’s
biological action since endothelial cells lining
blood vessels would be the first cell type to
interact with ANP. Cell-surface peptidases have
been reported on endothelial cells and are be-
lieved to control the biological activity of various
neuropeptides [12,13]. Thus, the metabolism of
ANP by a cell-surface peptidase(s) on endothe-
lial cells could play an important role in the
regulation of ANP’s biological activity. In this
paper, we have characterized the CPA47 cell-
surface peptidase(s) responsible for the degrada-
tion of ANP in vitro.

METHODS
Materials

Human ANP was purchased from Peninsula
Laboratories (Belmont, CA). Fetal calf serum
and bovine calf serum were obtained from Hy-
clone (Logan, UT). Human 25]-ANP with a spe-
cific activity of 2,000 Ci/mmole was purchased
from Amersham (Arlington Heights, IL). Bur-
dick and Jackson’s HPLC solvents were ac-
quired from Baxter Scientific (McGraw Park,
IL). Human ANP, rat brain natriuretic peptide
(BNP), rat atriopeptin I, and rat atriopeptin II
were obtained from Peninsula Laboratories (Bel-
mont, CA). Rat C-type natriuretic peptide (CNP)
was purchased from Bachem (Torrance, CA). All
other chemicals and peptides were purchased
from Sigma (St. Louis, MO).

Cell Culture

CPA47 cells (ATCC CRT 1733) were obtained
from and cultured according to American Type
Culture Collection (Rockville, MD) with the ex-

ception that cells were trypsinized when pas-
saged and the cells were cultured in 5% CO..
Cells were not used after passage 40 (i.e., 13
passages of ATCC obtained cells). Cells were
seeded at a density of 1.7-2.7 x 104 cells/ecm?2 in
12-well plates, were 90-100% confluent when
the assays were performed, and were used within
7 days after subculturing.

Kinetics of ANP Binding at 4°C

CPA47 cells were washed twice in binding
medium (BM; 1:1 ratio of F-12 (Sigma #N-
6760) and Minimal Essential Medium (Sigma
#M-0643) containing 6 g/l Hepes, and 4 g/l
Tricine, pH 7.4, with 50 pg/ml of bovine serum
albumin [14] with 2 mM EDTA at 4°C. Then 340
pl of BM containing 2 mM EDTA (BME) was
added per well and equilibrated at 4°C for 10
min. The cells were incubated at 4°C with 3540
pM radiolabeled ANP in the absence (total bind-
ing) or presence (nonspecific binding) of nonra-
diolabeled ANP (100 nM) in 0.4 ml of BME for
increasing lengths of time. At each time point,
the solution was aspirated, and the cells were
washed twice in BME and solubilized in 1 N
NaOH. A fraction of the solubilized cells was
used to determine the radioactivity in each well.
Specific binding was determined by subtracting
the nonspecific binding from the total binding at
each time point.

Equilibrium Binding of ANP to CPA47 Cells
at 4°C

Equilibrium binding studies were performed
as described by Whitson and coworkers [14].
Briefly, CPA47 cells cuitured in 12-well plates
were washed twice in BM or BME. The cells
were incubated at 4°C with 35-40 pM radiola-
beled ANP containing increasing amounts of
nonradiolabeled ANP (0-100 nM) in 0.4 ml of
BM or BME. The cells were then incubated at
4°C for 1 h, and the cells were washed twice in
the appropriate medium. The nonspecific bind-
ing (i.e., 12I-ANP bound to cells in the presence
of 100 nM nonradiolabeled ANP) accounted for
less than 20% of total 12°I-ANP binding.

Kinetics of 251-ANP Degradation by CPA47 Cells

CPA47 cells were washed twice with BM fol-
lowed by one wash in BME. Next, 340 pl of BME
was incubated with cells for 5-10 min at 4°C to
equilibrate the cells. The cells were then incu-
bated with 100-600 nM nonradiolabeled ANP
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containing radiolabeled ANP (70 pM) for 10 min
at 4°C. A sample of each concentration of ANP
added to the cells was analyzed for total radioac-
tivity. After incubation, the medium was re-
moved and centrifuged at 13,000g for 2 min to
remove any large debris. The supernatant was
removed, a fraction was used to determine the
recovered amount of ANP, and the remaining
supernatant (340 pl) was frozen at —70°C until
a Sep-Pak assay was performed to quantitate
ANP degradation.

Effect of pH on Degradation of CPA47 Cells

CPA47 cells cultured in 12-well plates were
washed twice with BME containing 25 mM Tris-
HCl, 25 mM Mes, and 25 mM Pipes at different
pH (5.0-9.0), and incubated with 340 pl of BME
at the appropriate pH for 5-10 min at 4°C. The
cells were then incubated with radiolabeled ANP
(60 pM) for 10 min at 4°C. The medium was
removed and centrifuged at 13,000g for 2 min to
remove any large debris. Mock-treated wells were
used to determine the pH of the medium during
the incubation of CPA47 cells with ANP. The
supernatant was removed, and a fraction was
used to determine the amount of ANP recov-
ered. The remaining supernatant (340 pl) was
frozen at —70°C until a Sep-Pak assay was per-
formed to quantitate ANP degradation.

Sep-Pak Assay to Quantitate ANP Degradation

125]_.ANP degradation was determined by Sep-
Pak fractionation according to Morel et al. [31]
with minor modifications. Briefly, samples were
thawed in the presence of 0.4 N HCl and ANP
was adsorbed onto methanol- and water-washed
C,s Sep-Pak cartridges (Waters, Milford, MA).
Degraded ANP was eluted with 20% acetonitrile
in 0.1% TFA. The radioactivity remaining on
the Sep-Pak cartridge represented the intact
ANP. The degradation of ANP was quantitated
by subtracting the amount of degraded radiola-
beled ANP in BM or BME alone (1-7%) from the
observed ANP degradation. The percent degra-
dation of ANP was determined by the equation
[100 x (degraded ANP/[intact + degraded
ANP))]. To quantitate the ANP degraded, the
percent degradation of ANP was multiplied by
the radioactivity added to each well and divided
by the specific activity of ANP and by the num-
ber of cells per well. Units of ANP degradation
are listed as pmol of ANP degraded/10 min/105
cells. The sensitivity of this assay was modu-
lated two ways: 1) by increasing the length of

time for the assay, creating a higher percentage
of degradation products and 2) by increasing
radiolabeled ANP concentrations. Initial degra-
dation rates for radiolabeled ANP (i.e., kinetics
of ANP degradation and ICs, for ANP degrada-
tion by various peptides) required a shorter incu-
bation time to limit the amount of degradation
products. Hence, the radiolabeled ANP concen-
trations were increased for these assays. When
the accumulation of degradation products was
not as critical, ANP degradation was deter-
mined with 1 h incubations to increase the deg-
radation products created by CPA47 cell surface
proteolytic activity.

RESULTS

HPLC Profile of '25I-ANP Degradation at 4°C
Separated by Sep-Pak Procedure

Radiolabeled ANP was incubated with CPA47
cells in BM with 2 mM EDTA at 4°C for 1 h. This
temperature was selected to inhibit receptor-
mediated and fluid-phase endocytosis [16], and
EDTA was included in the BM to inhibit ANP
degradation by a cell-derived factor released into
the medium [11]. Hence, only surface degrada-
tion was observed under these conditions. After
a 1 h incubation, the medium samples were
analyzed by HPLC to separate the degradation
products of 251-ANP from intact >I-ANP. In-
tact ANP eluted between 30—-33 min on a Cig
HPLC column (Fig. 1A). However, three new
peaks of radioactivity were observed after incu-
bation with CPA47 cells (Fig. 1B). The peaks at
15 min and 17 min corresponded to '25I-tyr?®
and arg?’-1%51-tyr?® respectively, based on previ-
ously published data using C;s HPLC columns
with similar gradients [6,17,18]. Since this deg-
radation occurred at 4°C, proteolytic activity on
the surface of CPA47 cells is suggested.

125]-ANP degraded by CPA47 cells was also
analyzed, in a separate experiment, by a rapid
assay using Cg Sep-Pak cartridges. Partially
degraded radiolabeled ANP was adsorbed onto
the Sep-Pak cartridge and the degraded ANP
represented in peaks 15 and 17 were eluted from
the Sep-Pak cartridge with 6 ml of 20% acetoni-
trile in 0.1% TFA (Fig. 1C). The remaining
radioactivity on the Sep-Pak cartridge was eluted
with 60% acetonitrile in 0.1% TFA; it eluted at
the same position as intact ANP (Fig. 1D). It
should also be noted that the small peak ob-
served at 28 min may not be completely sepa-
rated from the intact ANP using the Sep-Pak
assay technique. Thus, the percent degradation
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Fig. 1. HPLC analysis of '25I-ANP degradation products by
Sep-Pak separation. CPA47 cells were preincubated with BME
(for A,B) or BM (for C,D) for 5~10 min. After equilibration, the
cells were incubated with 50 pM 1251-ANP for 1 h at 4°C, and the
degraded '?5I-ANP in the medium was analyzed by HPLC as
previously reported [15]. The radioactivity in each fraction was
determined by a Packard Auto-Gamma counter. The percent
recovered radioactivity was calculated by dividing the radioac-

observed using the Sep-Pak assay may underes-
timate the actual degradation of radiolabeled
ANP. However, the percent degradation of 125]-
ANP as determined by HPLC was not signifi-
cantly greater than the degradation determined
by Sep-Pak assay (P > 0.05;n = 4). Other inves-
tigators have also used this technique for quickly
determining the amount of degraded ANP [31].

One shortcoming of using 1?5I-ANP for charac-
terizing ANP degradation is that the 25I-tyr is
the C-terminal amino acid. Once the C-terminal
amino acid is removed, the degradation of the
remaining ANP molecule cannot be followed.
Thus, this technique is more sensitive to C-ter-
minal degradation of ANP. Even with this limi-
tation, CPA47 cells could generate radiolabeled
ANP fragments that could be separated using
either HPLC or Sep-Pak assay. Degradation of
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tivity in each fraction by the radioactivity recovered in all
fractions. A: Control: '23I-ANP incubated in BME for 1 h at 4°C.
B: Cells incubated in BME with '25-ANP for 1 h at 4°C. C:
125]-ANP eluted from Sep-Pak by 20% acetonitrile/0.1% TFA. D:
251-ANP eluted from Sep-Pak by 60% acetonitrile/0.1% TFA
after the degraded ANP was eluted by 20% acetonitrile/0.1%
TFA.

nonradiolabeled ANP by CPA47 cells was at-
tempted at 4°C. However, different binding me-
diums either interfered with the detection of
ANP fragments at ODy;4 or caused cells to de-
tach from the plate. Thus, radiolabeled ANP
was used to characterize ANP degradation by
endothelial cells.

Effect of pH on Degradation of '2>I-ANP

We also investigated the effects of pH on 125]-
ANP degradation. The pH range was limited to
maintain viable cells for the assay, and the !25]-
ANP degradation by the surface of CPA47 cells
had a broad pH range (Fig. 2). The optimum pH
for the ANP degradation was pH 7.5 in two of
three experiments. Substantial ANP degrada-
tion occurred within the pH range from 7.0-9.0.
However, ANP degradation was greatly reduced
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Fig. 2. Effect of pH on the surface degradation of ANP by
CPA47 cells. CPA47 cells (130,000-210,000 cells/well; pas-
sage 9) were preincubated at 4°C in BME at the indicated pH.
After equilibration, the cells were then incubated with 125I-ANP
{60 pM) ANP for 10 min at 4°C, and the degraded ANP in the
medium was determined by Sep-Pak assay as described in
Methods. Each point represents the mean of three independent
experiments; error bars indicate the standard error of the mean
(SE). ANP degradation at each pH was standardized to the
degradation obtained at pH 7.5 for each experiment. The aver-
age degradation for the three independent experiments at pH
7.5 was 5.4% = 0.9% '231-ANP degradation/10 min/103 cells.

at acidic pH (6.0). A pH of 7.4 was selected for
subsequent characterization since this value ap-
proximates the pH of blood.

Kinetics of 12°I-ANP Degradation

The kinetics of ANP degradation were exam-
ined by increasing the concentration of nonradio-
labeled ANP in the presence of a constant
amount of radiolabeled ANP following a 10 min
incubation at 4°C in the presence of 2 mM EDTA.
In initial experiments, we observed minimal
changes in the degradation of radiolabeled ANP
in the presence of 100 nM nonradiolabeled ANP.
Therefore, we used a concentration range of 100
nM to 600 mM nonradiolabeled ANP in later
experiments. Under these conditions, the en-
zyme kinetics are first order and the K, and
Vimax Were estimated from a linear regression of
a Lineweaver-Burke plot (Fig. 3). When five
independent experiments were analyzed, the ap-
parent K, was 320 + 30 nM and V., was 35 = 6
pmol of ANP degraded/10 min/10% cells at pH
7.4.

Effect of Various Protease Inhibitors on '251-ANP
Degradation

Peptidases can be classified based upon their

sensitivities to various protease inhibitors [19].
We quantified ANP degradation after CPA47
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Fig. 3. Kinetics of '25I-ANP degradation. The kinetics of radio-
labeled ANP degradation were performed as described in Meth-
ods with a constant amount of radiolabeled ANP and increasing
concentrations of nonradiolabeled ANP. The degraded radiola-
beled ANP was analyzed by Sep-Pak assay as described in
Methods. The kinetics of ANP degradation were analyzed by
Lineweaver-Burke plot. Linear regression analysis was per-
formed to determine the x-intercept (—=1/Ky) and y-intercept
(1/Vima and the correlation coefficients of least-squares linear
regression were > 0.95.

cells were treated with a variety of protease
inhibitors. One peptidase on the CPA47 cell
surface could be classified as a carboxypepti-
dase, since approximately 90% of the ANP degra-
dation was inhibited by potato carboxypeptidase
inhibitor (Table I). Other protease inhibitors
demonstrated limited or no effects on ANP deg-
radation (Table I). Serine, acid, and thiol prote-
ase inhibitors did not inhibit ANP degradation
(i.e., aprotinin, leupeptin, E-64, pepstatin, and
phenyl methyl sulfonyl fluoride [PMSF]). Be-
statin, an aminopeptidase inhibitor, and phos-
phoramidon, a metalloprotease inhibitor, had
minor effects on ANP degradation (40% and
31% inhibition, respectively).

Since potato carboxypeptidase effectively pre-
vented radiolabeled ANP degradation, the ICsq
(concentration that inhibits ANP degradation
50%) was determined by least-squares linear
regression on a Dixon plot. The ICy, for potato
carboxypeptidase inhibition of two independent
experiments using increasing concentrations of
potato carboxypeptidase inhibitor was 2.6 pM =
0.5 pM.

Specificity of 1251-ANP Degradation

Various biologically active peptides were incu-
bated with radiolabeled ANP at 4°C to deter-
mine whether peptides other than ANP could
inhibit degradation of radiolabeled ANP by the
surface of CPA47 cells. An initial concentration
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TABLE 1. Effect of Various Protease
Inhibitors on Cell-Surface Degradation

TABLE I1. Effect of Various Peptides on
Degradation of Radiolabeled ANP by Surface

of ANP* Peptidase(s) Activity of CPA47 Cells*
Concentration Inhibition Vasoactive Inhibition 1Csg

Protease inhibitor (png/mb) (%) peptide (3 uM) (%) (M)
Potato carboxypeptidase ANP 88 +1 0.47 + 0.09

inhibitor 420 88 =3 Neuropeptide Y 81 +2 0.48 = 0.18
Bestatin 40 40=6 Angiotensin 11 66 + 2 1.37 = 0.19
Phosphoramidon 370 31+6 Angiotensin I 48 + 6 1.70 = 0.12
Phenyl methyl sulfonyl Substance P 17 =7 > 3 uM

fluoride (PMSF) 230 5+ 10 Bradykinin 13+3 > 3uM
E-642 1,000 -2=x21 Endothelin-1 -3+3 >3 uM
Aprotinin 10 -4 =17 Bombesin -5+ 8 > 3uM
Leupeptin 1 —13 =+ 13 *CPA47 cells (80,000-150,000 cells/well) were equilibrated
Pepstatin A 1 -13+9 ’ ’

*CPA47 cells (100,000-120,000 cells/well) were equili-
brated at 4°C in BME containing various protease inhibitors
for 5-10 min. The cells were then incubated at 4°C for 1 h in
the presence of 110 pM 2°I-ANP, and the ANP degraded in
the medium was determined by Sep-Pak assay as described
in Methods. The percent inhibition of ANP degradation was
calculated as (1 — [radiolabeled ANP degradation in the
presence of peptide inhibitor/ANP degradation in the ab-
sence of peptidase inhibitor]) x 100. ANP degradation in the
absence of protease inhibitors per 10° cells was 3.2% * 0.8%
(n = 3). The concentrations of protease inhibitors selected
are equal to or greater than concentrations used to classify
other ANP enzymes [20, 21]. The percent inhibition of 1251-
ANP degradation is the mean of three independent experi-
ments + SE (standard error of the mean).

2E-64, trans-epoxysuccinyl-l-leucylamido-(4-guanidino)-bu-
tane.

of 3 uM (tenfold greater than the apparent K,
for 125I-ANP) was selected to maximize the inhi-
bition of the cell-surface peptidase(s) by nonra-
diolabeled ANP. Some of the vasoactive peptides
partially inhibited ANP degradation. Neuropep-
tide Y was 94% as effective as nonradiolabeled
ANP at inhibiting °I-ANP degradation (Table
II). Angiotensin I and II inhibited ANP degrada-
tion 60-70% as effectively as nonradiolabeled
ANP (Table II). Other peptides such as endothe-
lin-1, bombesin, bradykinin, and substance P
did not greatly affect radiolabeled ANP degrada-
tion (< 19% as effective as nonradiolabeled ANP
without protease inhibitors). These peptides
were also tested in the presence of protease
inhibitors since their inability to inhibit radiola-
beled ANP degradation could be due to the deg-
radation of these peptides by other enzymes on
the cell surface. Even in the presence of protease
inhibitors, PMSF, leupeptin, and pepstatin, inhi-
bition of radiolabeled ANP degradation was only
slightly increased by endothelin-1 (22% + 5.4;
n = 2) and bradykinin (32% + 7.3; n = 2) as
compared to data presented in Table II.

at 4°C in BME and incubated at 4°C for 1 h with radiolabeled
ANP (60 pM) in the presence or absence of various peptides
(3 uM). The degraded ANP in the medium was determined
by Sep-Pak assay as described in Methods. The percent
inhibition of ANP degradation was calculated as (1 — [radio-
labeled ANP degradation in the presence of peptide/ANP
degradation in the absence of peptide]) x 100, and is pre-
sented as the mean and SE of three independent experi-
ments. The degradation of radiolabeled ANP by CPA47 cells
in the absence of peptides was 3.4% + 1.1% (n = 3) per 105
cells per 10 min. For the determination of the ICs, of the
various vasoactive peptides, CPA47 cells (130,000-210,000
cells/well) were equilibrated at 4°C in BME containing 230
pg/ml PMSF, 1 pg/ml leupeptin, and 1 pg/ml pepstatin A,
and incubated at 4°C for 10 min with 60 pM radiolabeled
ANP. The degradation of ANP was determined as described
in Methods. The ICsq was determined as the negative x-inter-
cept of a least-squares linear regression on a Dixon plot.
Numbers are given as the mean and SE of percent inhibition
and ICs from two independent experiments. The ANP deg-
radation in the absence of ANP analogues was 11.9% ANP
degradation/ 105 cells/10 min (n = 2). The ICs, for nonradio-
labeled ANP was obtained from the experiments performed
in Table III and is included for comparison. The correlation
coeflicients for all linear regressions were greater than 0.87.

The ICs, of neuropeptide Y and angiotensins I
and II were investigated since these peptides
had > 50% inhibitory effect on radiolabeled ANP
degradation by CPA47 cells at 3 uM. Neuropep-
tide Y was the most effective inhibitor of ANP
degradation with an ICs, of 480 nM (Table II).
Angiotensin I and IT had similar IC5;: 1.7 uM for
angiotensin I and 1.4 pM for angiotensin II,
respectively (Table II). The ICj, of bombesin,
bradykinin, substance P, and endothelin-1 are
greater than 3 pM since these peptides at this
concentration inhibited radiolabeled ANP degra-
dation less than 50%. Thus, some vasoactive
peptides were able to block radiolabeled ANP
degradation.

Other experiments were performed to deter-
mine the specificity of the cell-surface pepti-
dase(s) using ANP analogues. ANP analogues
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TABLE III. Effect of ANP Analogues on
Degradation of Radiolabeled ANP by a
Surface Peptidase(s) Activity of CPA47 Cells*

Inhibition 1Cs
ANP peptide analogue 3 M) (%) (nM)
Atriopeptin HI 883 270 =100
ANP 913 470x90
Atriopeptin I1 88 2 520 = 5082
Brain natriuretic peptide 65 x4 650 = 1502
Atriopeptin I 73 £3 840 = 1002be

72+3 970 * 1202b¢c

*CPAA47 cells (70,000-120,000 cells/well) were equilibrated
at 4°C in BME and incubated at 4°C for 1 h with radiolabeled
ANP (60 pM) 1n the presence or absence of various peptides
(3 uM) The degraded ANP 1n the medium was determined
by Sep-Pak assay as described in Methods The percent
inhibition of ANP degradation was calculated as (1 — [radio-
labled ANP degradation in the presence of peptide/ANP
degradation in the absence of peptide]) X 100 For the
determination of ICsq of the ANP analogues, CPA47 cells
(65,000-90,000) were equilibrated at 4°C in BME and incu-
bated at 4°C for 10 min with radiolabeled ANP (80 pM) and
nonradiolabeled 10 nM ANP containing increasing concen-
trations of various ANP analogues The 10 nM nonradiola-
beled ANP was included in this experiment to prevent the
interaction of ANP analogues with the ANP receptors The
degradation of ANP was determined as described 1n Meth-
ods The IC5o was determined as the negative x-intercept of a
least-squares linear regression on a Dixon plot Numbers are
grven as the mean and SE of percent inhibition and ICy
from three independent experiments The ANP degradation
in the absence of ANP analogues was 11% = 1% ANP
degradation/10° cells/10 min (n = 3) A one-tailed Student
t-test was performed using all combinations of ANP and its
analogues The correlation coefficients for all linear regres-
sions were greater than 0 92 with the exception of one line
that had a correlation coefficient of 0 82

2K, greater than atriopeptin III (P < 0 05)

bK, greater than atriopeptin II (P < 0 05)

K, greater than ANP (P < 0 025)

C-type natriuretic peptide

such as atriopeptin I (ANP 5-27) and atriopep-
tin III (ANP 5-28) were nearly as effective at
inhibiting radiolabeled ANP degradation as was
nonradiolabeled ANP (Table III). However, other
ANP analogues such as atriopeptin I (ANP 5-25),
rat BNP-32, and C-type natriuretic peptide were
only ~70% as effective as nonradiolabeled ANP
at inhibiting radiolabeled ANP degradation by
CPAA47 cells (Table III). These data demonstrate
a differential selectivity of the cell-surface pepti-
dase(s) for some ANP analogues.

To further characterize the interaction of ANP
analogues with the cell-surface peptidase(s), in-
creasing concentrations of these peptides were
added to CPA47 cells containing 10 nM ANP.
The apparent 1C;, for the ANP analogues was
analyzed by a Dixon plot. The IC; of atriopeptin

I, IT, and III were significantly different from
each other, with the IC;, of atriopeptin III (5-
28) < atriopeptin II (5-27) < atriopeptin I
(5-25) (Table III). Furthermore, CNP and atrio-
peptin I had significantly higher 1C5, than ANP
(Table IIT; P < 0.05).

DISCUSSION

In a previous report, we observed substantial
degradation of ANP by proteolytic activity lo-
cated on the surface of CPA47 cells [11]. This
activity was shown to be insensitive to EDTA
[11]. In this paper, we characterized this surface
proteolytic activity further by assessing the selec-
tivity of the process, the pH optimum, and the
recognition sites on ANP necessary for degrada-
tion. The degradation of ?°I-ANP by the cell-
surface proteolytic activity on CPA47 cells dem-
onstrated first-order kinetics (i.e., linear
Lineweaver-Burke plot). Furthermore, the deg-
radation of 25I-ANP by the CPA47 cell surface
demonstrated specificity for some vasoactive pep-
tides and was inhibited by carboxypeptidase in-
hibitor. Together, these data suggest the pres-
ence of a carboxypeptidase-like activity that is
divalent cation-independent and located on the
surface of CPA47 cells.

The existence of peptidase activity within the
ANP receptor itself is unlikely since the K, of
the peptidase is not similar to Ky of ANP recep-
tors on these cells. We observed that the K, of
ANP binding to these cells was 220 = 40 pM at
4°C in BM (n = 3), whereas the K, for ANP
degradation by the cell-surface protease was
three orders of magnitude greater (~ 300 nM).
Since these values are so different, it is unlikely
that the ANP receptors on the CPA47 cells are
responsible for the proteolytic activity that we
have characterized. However, it is possible that
two distinct ANP binding sites exist on the
receptors, one for ANP binding and one for
enzymatic degradation.

We examined selectivity of this cell-surface
peptidase activity using various peptides. Pep-
tides that reportedly cause vasoconstriction, such
as neuropeptide Y and angiotensin I and II
[22,23], were the most effective at inhibiting
ANP degradation. Peptide vasodilators, such as
bradykinin and substance P [22,23], were not as
effective. However, not all peptides that pro-
mote vasoconstriction (e.g., endothelin-1 {24])
were effective at inhibiting radiolabeled ANP
degradation.
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ANP

At-3
At-2
At-1

Fig. 4. Amino acid sequence of ANP and related peptides.
ANP and related peptides are compared using the one-letter
code for each amino acid. The boxed areas are amino acids
identical in sequence to those of human ANP.

The structural requirements of vasoactive pep-
tides necessary for recognition by the peptidase
on the surface of CPA47 cells are unclear. Little
sequence similarity exists among ANP, neuro-
peptide Y, and angiotensin I and II. However,
these data suggest that an intact 17-member
ring in ANP is not essential for interaction with
the peptidase(s), because neuropeptide Y and
angiotensin I and II do not have a disulfide
bond. In addition, angiotensin I and II have
fewer than 17 amino acids.

Although the structurally important regions
of other vasoactive peptides are unclear, data
generated using ANP analogues suggest that
the C-terminal region of the ANP molecule is
involved in the ability of ANP analogues to
inhibit radiolabeled ANP degradation (Fig. 4;
Table 3). Atriopeptin III (5-28) was as effective
at inhibiting ANP degradation by CPA47 cells as
ANP, suggesting that the N-terminal portion of
ANP is not involved in ANP’s recognition by the
cell-surface peptidase(s). However, the deletion
of the carboxy terminal amino acid tyr?® (ie.,
atriopeptin II) increased the ICs, from 270 nM
+ 170 nM (atriopeptin III) to 520 nM = 90 nM
(atriopeptin II) (P < 0.05), suggesting that the
C-terminal tyr?8 may be involved in the recogni-
tion of ANP by the cell-surface peptidase(s).
Furthermore, the deletion of amino acids 26 and
27 (i.e., atriopeptin I) increased the ICjy, to 840
nM = 180 nM, which differs significantly from
that of atriopeptin II (P < 0.05). These data
suggest that these three C-terminal amino acids
are involved in the recognition of ANP by the
cell-surface peptidase(s). This conclusion is con-
sistent with the observation that CNP, which
lacks the five C-terminal amino acids, inhibited
ANP degradation similarly to atriopeptin I. BNP
has leucines at position 26 and 28 instead of
phe? and tyr?8, and also has a lower ICj, than
ANP, atriopeptin II, or atriopeptin III. Thus,
these data indicate that the C-terminal amino
acids phe?® and tyr?8 are involved in ANP recog-

nition by the cell-surface peptidase(s). This con-
clusion is consistent with the classification of
the cell-surface peptidase as a carboxypeptidase-
like activity.

Carboxypeptidase-like activity on the surface
of CPA47 cells was further suggested based on
the inhibition of radiolabeled ANP degradation
by a carboxypeptidase inhibitor. Carboxypepti-
dases are exopeptidases that can be classified as
tricarboxypeptidases, dicarboxypeptidases, or
carboxypeptidases depending on the number of
amino acids released from the C-terminus of a
peptide or protein. Other investigators have pre-
viously reported the possibility of carboxy-
terminal degradation of ANP by cultured cells
and by enzymes isolated from tissue [21,26-28].
When examining ANP degradation by bovine
vascular smooth muscle cells (BVSMC) at 37°C,
Johnson et al. [26] observed that excess unla-
beled ANP could not completely inhibit the gen-
eration of 125I-tyr?8 and concluded that a carboxy-
peptidase might be present on these cells. No
further evidence was provided to characterize
the postulated carboxypeptidase [26]. However,
another group examined ANP degradation in
the same cell type (BVSMC) at low temperature
(4°C) to inhibit receptor-mediated and fluid-
phase endocytosis [7]. Under these conditions,
no ANP degradation was observed, suggesting
that the enzyme(s) responsible for ANP degrada-
tion in BVSMC was not present on the cell
surface [7]. Thus, the carboxypeptidase re-
ported by Johnson et al. [26] would likely be an
intracellular peptidase in BVSMC, and not the
cell-surface peptidase demonstrated in these
studies.

Investigators have also examined metalloen-
zymes secreted by endothelial and neuroblas-
toma cells that cleave a C-terminal tripeptide
from ANP [21,27]. We have also observed that
CPA47 cells secrete a similar metalloenzyme
[11]. However, the surface peptidase(s) on
CPAA47 cells was active in the presence of EDTA
(Fig. 2). Hence, the cell-secreted metalloenzyme
is unlikely to account for the divalent cation-
independent ANP degradation observed on the
surface of CPA47 cells.

Another C-terminal peptidase, atrial dipepti-
dyl carboxyhydrolase, has been described as de-
grading atriopeptins Il and III [28]. This en-
zyme also is unlikely to account for the divalent
cation-independent surface degradation of ANP
on CPAA47 cells since atrial dipeptidyl carboxyhy-
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drolase is a metalloprotease isolated from the
microsomal fraction enriched with atrial gran-
ules. Thus, the characteristics of ANP degrada-
tion by the surface of CPA47 cells are unique for
a carboxypeptidase-like activity and suggest that
the surface peptidase(s) on CPA47 cells is a
newly characterized enzyme(s) involved in the
degradation of ANP.

Based on our results, it is unlikely that the
surface peptidase(s) on CPA47 cellsis NEP 24.11
or kallikrein, both of which are known to de-
grade ANP in vivo [4,5,20]. NEP 24.11 is a
metalloprotease, the activity of which is inhib-
ited by EDTA and phosphoramidon and not
inhibited by carboxypeptidase inhibitor [20].
Furthermore, bradykinin, the preferred sub-
strate for NEP 24.11 [25], was not effective at
inhibiting ANP degradation by this cell-surface
peptidase(s) (Table II). These data demonstrate
that the cell-surface peptidase(s) is not NEP
24.11. Kallikrein is also unlikely to be responsi-
ble for ANP degradation on CPA47 cells, since
ANP degradation by kallikrein is inhibited by
aprotinin with an ICsy 0f 2.2 png/ml [8], and ANP
degradation by CPA47 cells was not signifi-
cantly affected by an aprotinin concentration of
10 pg/ml.

The broad, near-physiologic pH range for ANP
degradation and the relatively high K., of the
cell-surface ANP peptidase(s) compared to phys-
iological levels of ANP (3.3-23.3 pM [29]) would
be characteristic of an enzyme involved in the
clearance and degradation of hormones and other
molecules from the bloodstream. An excellent
example of such an enzyme is NEP 24.11. This
enzyme, known to be involved in the clearance
and degradation of ANP in vivo [8], has a K, for
ANP degradation of ~10 pM in kidney mem-
branes, which is five orders of magnitude higher
than the physiologic concentration of ANP [20].
When compared to endoprotease 24.11, CPA47
cell-surface ANP peptidase(s) has an approxi-
mately twentyfold lower apparent K, suggest-
ing that the CPA47 cell-surface peptidase(s) has
a higher affinity for ANP than NEP 24.11 in
kidney membranes. These data suggest that the
surface enzyme(s) on CPA47 cells could degrade
ANP in vivo.

The importance of a carboxypeptidase in the
degradation of ANP in vivo has been noted by
Krieter and coworkers [18], who suggested that
a carboxypeptidase participated in the initial
metabolism of ANP in vivo since 125I-tyr was

recovered in the plasma 30 sec after administra-
tion of 1¥5I-ANP (103—-126) in rats. The presence
of a surface carboxypeptidase on endothelial cells
would explain this result [18]. No internaliza-
tion would be necessary and the ANP in the
plasma would come in immediate contact with
endothelial cells. Other well-characterized mech-
anisms for ANP degradation, receptor-mediated
endocytosis and NEP 24.11, are unlikely to ac-
count for the rapid release of ?5I-tyr. Receptor-
mediated endocytosis of ANP would not account
for the release of 1%51-tyr, since internalization,
degradation, and release of degradation prod-
ucts by receptor-mediated endocytosis normally
takes longer than 30 sec [30]. Furthermore,
125]-tyr is not a major degradation product of the
ectoenzyme NEP 24.11 found in kidney mem-
branes [20]. Hence, an ANP surface carboxypep-
tidase-like activity on endothelial cells may
quickly degrade or modify ANP, thereby affect-
ing its physiologic response further downstream.
Thus, an important mechanism for ANP catabo-
lism and regulation in vivo could involve the
peptidase(s) activity described here.

ACKNOWLEDGMENTS

The authors would like to thank Christine
Wogan for her technical editing assistance. This
work was supported by a NASA Regulatory Phys-
iology grant (199-18-11-15) to P.A.W. S.J.F. was
supported by a National Research Council Resi-
dent Research Fellowship at the Johnson Space
Center.

REFERENCES

1. Huot C, Tremblay J, Hamet P (1991) Blood Vessels
28:84-92.

2. Katsube N, Schwartz D, Needleman P (1986) J Pharma-
col Exp Ther 239:474-479.

3. Yandle TG, Richards AM, Nicholls MG, Cuneo R, Espiner
EA, Livesey JH (1986) Life Sci 38:1827-1833.

4. Seymour AA, Norman JA, Asaad MM, Fennell SA, Ab-
boa-Offei B, Little DK, Kratunis VJ, Delaney NG, Hunt
JT, Di Donato G (1991) J Pharmacol Exp Ther 256:
1002-1009.

5. Chiu PJS, TetzlofZ G, Romano MT, Foster CJ, Sybertz
EJ (1991) Am J Physiol 260:R208-R2186.

6. Almeida FA, Suzuki M, Scarborough RM, Lewicki JA,
Maack T (1989) Am J Physiol 256:R469-R475.

7. Nussenzveig DR, Lewicki JA, Maack T (1990) J Biol
Chem 265:20952-20958.

8. Vanneste Y, Michel A, Deschodt-Lanckman M (1991)
Eur J Biochem 196:281-286.

9. Vanneste Y, Pauwels S, Lambotte L, Michel A, Dimaline
R, Deschodt-Lanckman M (1990) Biochem J 269:801—
806.



236

10.

11.

12.
13.

14.

15.

16.

17.

18.

19.

Frost and Whitson

Webb RL, Yasay GD Jr, McMartin C, McNeil RB Jr,
Zimmerman MB (1989) J Cardiovascular Pharm 14:285—
293.

Frost SJ, Chen Y-M, Whitson PA (1992) Biochem Bio-
phys Acta 1112:45-51.

Mentlein R (1988) FEBS Lett 234:251-256.

Rozental JM, Kaminska G, Turner J, Schwartz T, Cada-
hia V, Brooks BR (1989) Brain Res 499:397-401.
Whitson PA, Huls MH, Sams CF (1991) J Cell Physiol
146:43-51.

Chen Y-M, Whitson PA, Cintron NM (1990) Biochem
Biophys Res Commun 166:794-800.

Oka JA, Weigel PH (1989) Biochem Biophys Res Com-
mun 159:488-494.

Johnson GR, Arik L, Pitts BJR, Foster CJ (1990) Bio-
chem J 268:771-776.

Krieter PA, Olins GM, Verrett SP, Durley RC (1989) J
Pharmacol Exp Ther 249:411-417.

Barrett AJ (1977) In Barrett AJ (ed): “Proteinases in
Mammalian Cells and Tissues.” Amsterdam: Elsevier
Press, pp 1-55.

20

21.
22.
23.
24.
25.
26.
21.
28.
29.
30.

31.

. Koehn JA, Norman JA, Jones BN, LeSueur L, Sakane
Y, Ghai RD (1987) J Biol Chem 262:11623-11627.
Johnson GR, Foster CJ (1990) Biochem Biophys Res
Commun 167:110-116.

Widdicombe JG (1991) Am Rev Respir Dis 143:818-21.
Frohlich ED (1989) Hypertension 13:1125-130.
Simonson MS, Dunn MJ (1990) FASEB J 4:2989-3000.
Stephenson SL, Kenney AJ (1987) Biochem J 243:183—
187.

Johnson GR, Arik L, Foster CJ (1989) J Biol Chem
264:11637-11642.

Delporte C, Carvalho K, Leseney A-M, Winand J, Chris-
tophedJ, Cohen P (1992) Biochem Biophys Res Commun
182:158-164.

Solar DF, Harris RB (1989) Peptides 10:63—68.
Cernacek P, Crawhall JC, Levy M (1988) Clin Biochem
21:5-17.

Goldstein JL, Brown MS, Anderson RGW, Russell DW,
Schneider Wd (1985) Annu Rev Cell Biol 1:1-39.

Morel G, Belles-Isles M, Heisler S (1987) Biol Cell
59:233-238.





